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ABSTRACT 
Cells of onion and garlic root tips were examined under the electron and phase 
contrast microscopes after fixation in KMnO4.  Special attention was focused on 
the  distribution  and  behavior  of  the  endoplasmic  reticulum  (ER)  during  the 
several phases of mitosis. 
Slender profiles, recognized as sections through thin  lamellar units of the ER 
(most prominent in KMnOa-fixed material), are distributed more or less uniformly 
in  the  cytoplasm  of  interphase  cells  and  show  occasional  continuity with  the 
nuclear  envelope.  In  late  prophase  the  nuclear  envelope  breaks  down  and  its 
remnants plus cytoplasmic elements of the ER, which are morphologically identi- 
cal, surround the spindle in a zone from which mitochondria, etc.,  are excluded. 
During metaphase  these ER  elements persist and  concentrate as  two  separate 
systems in the polar caps or zones of the spindle. At about this same time they 
begin to proliferate and to invade the ends of the spindle. The invading lamellar 
units form drape-like partitions between the anaphase chromosomes. In late ana- 
phase, their advancing margins reach the middle zone of the spindle and begin to 
fray out. Finally, in telophase, while elements of the ER in the poles of the spindle 
coalesce around the chromosomes to form the new envelope, the advancing edges 
of those in the middle zone reticulate at the level of the equator to form a  close 
lattice of tubular elements. Within this, which is identified as the phragmoplast, 
the earliest signs of the cell plate appear in the form of small vesicles.  These sub- 
sequently grow and fuse to complete the separation of the two protoplasts. Other 
morphological units apparently participating in mitosis are described. 
Speculation is provided on the equal division or not of the nuclear envelope and 
the contribution the envelope fragments make to the ER of the new cell. 
INTRODUCTION 
It  is  becoming increasingly apparent  that  cells 
are uniform in containing as part of their cytoplas- 
mic fine structure a  series of vesicles, tubules, and 
cisternae which  together  constitute a  membrane- 
limited  system  referred  to  as  the  endoplasmic 
reticulum  (ER).  The nuclear envelope through its 
structure and its continuity with  the cytoplasmic 
elements of the ER is properly included as a  part 
* These observations were presented at a symposium 
on Submicroscopic Cell Morphology held by the Mor- 
phology  and  Anatomy  Section  of  the  International 
Botanical Congress, Montreal, August 24, 1959. 
{Fellow  of  The  Rockefeller  Foundation,  from 
Jardim Boffmico do Rio de Janeiro, Brazil. 
J. BlomtYSlC. AND BIOCHEM. CYTOL., 1960, Vol. 7, No. 1 
of  the  system  and  since it is present in all forms 
thus far examined, except bacteria,  it may appro- 
priately be regarded as the most constant and uni- 
versal expression of this membrane-limited system. 
Thus, one is led to the concept of the ER as a  unit 
system  (or organelle)  based on  the  nuclear  enve- 
lope. Such a  concept, regardless of its other merits, 
is useful in organizing the wealth of information on 
the ER  that is currently accumulating.  It is con- 
ceptually  valid,  with  the  nuclear  envelope as  the 
constant  part  of  the system,  to  regard  the cyto- 
plasmic  parts  as  derivatives or  extensions  of  the 
envelope. 
It  is also  well  known  now  that  the  system  ap- 
pears  in  a  variety  of  organizations  or  patterns 
which have come to be recognized as characteristic 
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of  different  cell  types.  These patterns  reach  their 
full expression in cells that are differentiated for a 
particular function, and studies of these structural 
modulations  have already  taught  us  much  about 
the possible roles of this system in the cell's econ- 
omy.  It should not be inferred from this that the 
reticulum  is  a  product  of  differentiation  in  the 
usual sense, for, unlike many expressions of differ- 
entiation, it is present in recognizable form in cells 
of the very early embryo  (7), even as early as the 
2-cell  stage  (52).  From  these  early  stages  on,  it 
increases  in  prominence  and  develops  different 
patterns in different cell types.  One gains the im- 
pression that the system may be an instrument in 
differentiation  rather  than  a  product  (the  usual 
expression) of the phenomenon. 
This idea confers on the system a  degree of self- 
determination in the sense that the preferred pat- 
tern it shows in any cell type may be a  product of 
properties (chemical composition and organization) 
within  the  system  itself.  These  in  turn  could  be 
conferred  upon  it  through its dose  morphological 
relation, via the nuclear envelope, to  the chromo- 
somes.  An alternative suggestion that the pattern 
resides in the cytoplasmic matrix seems less prob- 
able  because  the  sol-gel  transformations  in  this 
part  of  the  cytoplasm  would  seem  to  lead  to 
randomization and consequent destruction of pat- 
tern. 
Quite  apart  from  any  other  significance  this 
suggested relationship of ER to chromosomes may 
have,  it  does  serve  to  heighten  one's  interest  in 
following the behavior of the ER through mitosis. 
If, as proposed, it is an organelle with some degree 
of independence and autonomy, it, or at least that 
part  represented  by  the  nuclear  envelope,  should 
reasonably  be  preserved  in  a  recognizable  form 
through  mitosis  and  not  lost  through  complete 
decomposition  into  the  cytoplasmic  matrix.  If  it 
carries information important in cellular differen- 
tiation it might even be supposed that it would be 
parceled  out  to  the  daughter  cells  according  to 
some  plan.  These  points  of  interest  as  well  as  a 
general curiosity concerning the possible role of the 
system  in  mitosis  have  prompted  the  study  re- 
ported  here on  the form and behavior of  the ER 
during  mitosis  in  the  cells  of  the  onion  root  tip. 
This represents an  extension of an attempt  made 
earlier to observe such changes in dividing animal 
cells (39). Here, with this plant material, the study 
has been more fruitful partly because fixation with 
permanganate is selective for the ER  (27, 60) and 
partly  because  predictable  orientation  of  mitotic 
spindles with respect to  the root axes permits one 
to  obtain favorably oriented and,  therefore,  more 
informative sections and images. 
Only a  few studies have thus far been made on the 
fine structure of cells during mitosis and these, for the 
most part, have not given special attention to the ER. 
Perhaps  the  earliest  electron  microscopy  on  cells  in 
division was reported by Rosza and Wyckoff (42). They 
examined thin sections of onion root-tip cells,  but the 
observations had very limited value because of the poor 
fixation  achieved.  Then,  there  followed  a  report  by 
Selby  on  Ehrlich  ascites  tumor  cells  (48),  with only 
brief mention of chromosome fibers as resolvable com- 
ponents of the spindle.  Another early study of tumor 
cells  during division made by one of us  (39)  reported 
that the ER changed from a continuum of tubules and 
vesicles to  a  discontinuous system of vesicles.  During 
metaphase and anaphase these latter, including possibly 
remnants of the nuclear envelope, were observed to be 
largely  excluded  from  the  spindle  organization.  At 
telophase  morphologically  identical  elements  were 
found in each daughter cell evenly distributed around 
each new nucleus, which had by then acquired a  new 
envelope.  Paired  tubular  structures  found  within  the 
spindle and referred to as spindle filaments were thought 
to be related to the ER, but the evidence was far from 
convincing. Their kinship and function is still in doubt. 
Subsequent  studies  on  this  same  material  have  not 
improved  on  these  general  observations  nor  has  the 
material in the interim proved useful for more detailed 
studies.  For  this reason,  among  others,  recourse  was 
taken a few years ago to a  more classical object for in- 
vestigations on mitosis, the cells of the onion root tip 
(40,  41),  but  again  without  markedly  useful  results 
because  elements of  the  system  were  too  difficult  to 
identify after osmium fixation alone. 
It cannot be said that other studies of the fine struc- 
ture  of  ceils  in  division  have  produced  significantly 
better information on the behavior of the endoplasmic 
reticulum  during cell  division.  In  micrographs of  the 
"streak" stage in the division of sea urchin eggs,  Gross 
et  al.  (19)  call  attention  to  profiles  resembling 
"delaminations" of the nuclear envelope. If described 
by us these would have been interpreted as elements of 
the ER. They were not identified or reported on during 
later stages of division. Within a  more recent period a 
number of brief reports have appeared  on the  fate of 
the nuclear envelope (a proper part of the ER)  during 
division  in  such  diverse  forms  as  the  crayfish  (31), 
Pelomyxa  (43),  Chaetopterus  (29),  mouse bone marrow 
(1),  locust  spermatocytes  (4),  and  Yoshida sarcoma 
cells  (61).  These have agreed  in describing the disin- 
tegration of the envelope into a series of vesicles which 
mix with and are indistinguishable from other vesicular 
units  of  the  cytoplasm  and  which  reappear  in  late 
anaphase at chromosome surfaces to grow and coalesce 
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Materials  and  Methods 
The observations reported here have been made on 
cells within the first 2 ram. of growing root tips of white 
onions, Allium cepa, L.,  and garlic, Allium sativum, L. 
Garlic cloves were  germinated in the dark,  the lower 
surface in contact with distilled water. When the roots 
were 2 to 3 cm. long, the tips were cut and immediately 
fixed.  White onions (white globe variety) were germi- 
nated in contact with a  mineral solution according to 
J.  H.  Taylor's  modification  (54)  of  Bonner's solution 
(8)  but without sucrose.  Tips were taken mostly from 
roots 1 to 2 cm. in length, at or near midday, when the 
number of dividing cells is high (24). 
Tips  1 to 2  mm.  long were harvested with a  sharp 
razor blade (some were split longitudinally) and placed 
immediately  in  fixative.  Fixation  with  KMnO4  was 
performed at room temperature, using different times, 
from 2  minutes to 5  hours  (27,  60).  The reagent was 
used in concentrations of 2 and 5 per cent, and at pH 
7.5  controlled  with  veronal-acetate  buffer.  Fixation 
with OsO4 was done in a  2 per cent solution, buffered 
to pH 7.5  (34)  and containing 45 mg./ml, sucrose (14) 
and 0.01  per cent CaC12. Fixation was continued for 1 
hour, the vials being kept all the while in cracked ice. 
After fixation,  the  tips were  rapidly dehydrated in 
increasing concentrations of ethanol or, in a  few cases, 
acetone. Vacuum was carefully applied during fixation 
(for  extended  permanganate fixations)  or  in  the  last 
steps of dehydration (95  and  100 per cent ethanol) in 
order to rid the root tips of gas bubbles present in inter- 
cellular  spaces.  Vacuum  was  also  applied  during 
methacrylate infiltration. During embedding the cap- 
sules  containing  the  specimens  and  (catalyzed) 
methacrylate were placed in a desiccator from which air 
was removed and substituted by nitrogen (30). Vacuum 
conditions were developed very slowly by drawing the 
air  through a  small  orifice.  The final vacuum,  deter- 
mined with a  manometer, was not lower than 10 to 20 
mm. Hg. Uranyl nitrate was used in the methacrylate in 
low concentration (0.01 per cent) to discourage uneven 
polymerization  and  local  explosions  (56). 
Vestopal W was also used as embedding material ac- 
cording to the method of Ryter and Kellenberger (45). 
Sections  were  obtained  with  a  diamond  knife 
(Servall), (except for vestopal blocks for which a glass 
knife was used) on a Porter-Blum microtome. Relatively 
thick sections (~ to 2 #), cut adjacent to the thin ones 
and  examined by phase microscopy, provided  for the 
identification of  the  position  of  cells  in  the  root  tip 
(33).  These  sections  for  the  light  microscope  were 
picked up from the diamond knife boat on 12 mm. cir- 
cular coverslips. These provided optical contact on the 
upper surface of the preparation and made it possible 
to  examine  a  long  ribbon  with  sections  of  different 
thicknesses. For  the best  optical images it was found 
important  to  remove  the  methacrylate  matrix  with 
acetone and use mounting media with different refrac- 
tive indices (according to the section thickness). 
Methacrylate  sections  were  spread  with  xylene 
vapors (46) and compression appeared to be negligible. 
Grey sections (approximately 60 m# in thickness (36)) 
of OsO4-fixed material were stained with lead hydroxide, 
according to the methods of Watson (58). 
OBSERVATIONS 
The  observations  to  be  described  were  derived 
from a  study of several hundreds of micrographs of 
longitudinal  and  cross-sections  of  the  root  tip. 
The location of  the pictured  cells with respect  to 
the  root  anatomy  was  determined,  in  most  in- 
stances,  by  fight  microscopy  of  adjacent  thick 
sections.  Thus  a  cell  may  be  referred  to  as  be- 
longing  to  the  central  cylinder,  pericycle,  endo- 
derm, cortex, or protoderm.  The phases of mitosis 
were identified, as one would  expect,  on the basis 
of chromosome position or from the stage of devel- 
opment of cell plate and new walls. 
A.  The Interphase Cell: 
The  endoplasmic  reticulum  (ER)  of  the  inter- 
phase  plant  cell  has  been  identified  now  by  a 
number  of  investigators.  Long  slender profiles  of 
characteristic  form  were  first  reported  as  repre- 
senting "canalicular elements" of  the system  (40) 
but the same slender profiles are now recognized as 
mostly representing sections through thin lamellar 
units  (11,  12,  60).  The  distribution of  these  and 
their relation to other cell structures,  particularly 
small  particulate  components  of  the  cytoplasm, 
have been described by Buvat (11,  12), Heitz (20), 
Lance (26), Mtihlethaler (32), Setterfield et al. (49), 
and Sitte (51). 
It is characteristic, then, of cells of higher plants 
to show, as elements of the ER,  one predominant 
type  of  profile.  This  consists  of  two  dense  lines, 
representing  membranes,  separated  by  a  narrow 
space of lesser density (er, Fig.  1). The membranes 
are about 8  mtz thick and the space may measure 
15  to  20  m/z.  The  profile  image  of  the  nuclear 
envelope  is  identical.  Particles  about  15  m#  in 
diameter (presumably the RNP  or  ribonucleopro- 
tein particles of Palade (35)), which are common in 
the cytoplasmic ground substance of these growing 
cells, are frequently associated with the matrix (or 
outer) surface of the membranes (Fig.  1 a). To this 
extent,  these  structures  resemble  the  appearance 
of vertical sections through cisternae of the ER in 
many  types  of  animal  cells.  The  single  obvious 
difference  is  that  the  space  between  the  mem- 
branes,  representing  the  contained  phase  of  the 
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generally the  case  in animal cells.  It is,  in fact, 
uncommon in KMnO4-fixed  material to  find any 
significant departures from  the uniform thickness 
dimension (Fig. 2),  except at  the margins of  the 
cisternae.  These  profiles  vary  enormously  in 
length, all the way from small units of nearly circu- 
lar  form  representing,  supposedly,  cross-section 
through tubules or vesicles  up to units of several 
microns in length. The exact limits of the lamellar 
units  represented  by  the  profile  are,  of  course, 
impossible to determine without examining many 
serial sections. 
Such  profiles  are most prominent in permanga- 
nate-fixed material, where  certain other  elements 
of the cytoplasm, e.g.  RNP particles, are not pre- 
served  or, at any rate, are not present to interfere 
with the visualization of the membranes (compare 
Figs.  1 and  2).  Where most  sharply  defined  the 
membranes are  oriented  normal  to  the  section. 
Where  not  so  oriented the structure represented 
appears only as a grey shadow (arrow,  Fig. 2), not 
much more dense than the background. The con- 
tinuity of such shadows  with the sharply defined 
profiles  of  paired  membranes,  the  continuity of 
the  same profiles  through  several  serial sections, 
and the appearance of such profiles in both longitu- 
dinal and transverse sections of the cell all make it 
evident  that  the  three-dimensional form  of  the 
structure represented is sheet-like (60).  It can be 
said, in fact, that the basic unit of the ER in these 
plant cells has this form. At the margins, or edges, 
of these structures the parallel, limiting  membranes 
fuse and are, therefore,  continuous (X, Figs. 1 and 
2),  as  they  are  also  around  the  margins of  any 
pores  or  perforations  that  appear  in  the  sheets. 
There are,  in other words,  no free  edges  of mem- 
branes. 
While the thickness of these structures tends to 
be uniform, the other dimensions and shapes  are 
variable and probably in the living cell constantly 
changing.  One  would  judge,  however,  from  the 
fairly  uniform concentration and  distribution of 
profiles in a random population of interphase cells 
that the variation in size and  in patterns of  dis- 
tribution remains within narrow limits. 
Observations on the distribution of elements of 
the  ER  in  the  interphase cells  have  been made 
on such images as shown in Fig. 3. From what was 
said above, it is recognized  that  the long slender 
profiles  in  the  cytoplasm  at  this  lower  magnifi- 
cation  represent  sections  through  sheet-like  or 
ribbon-like elements of the ER. The distribution of 
these elements is essentially uniform throughout all 
parts  of  the  cytoplasm.  In  other  types  of  cells 
within the root tip this is less true. The orientation 
is  evidently random  except  near  the  surfaces  of 
the nucleus and the cell wall, where it is generally 
parallel to these surfaces. 
The  nuclear  envelope  (ne)  has  obviously  the 
same form as the profiles of the ER cisternae (see 
also  Figs.  1 and 2).  This fact and occasional evi- 
dence of continuity between these two components 
support the identification of the slender profiles as 
elements of  the  endoplasmic reticulum. No  con- 
tinuity with mitochondria or proplastids has been 
noted. The slender profiles  approach very closely 
the  surface  of  the  cell,  but  clear  continuity be- 
tween the plasma membrane and elements of  the 
ER  has  not  been  observed.  The  approaches  to 
the cell surface are made preferentially at or near 
plasmodesmata as  though physiological events at 
these points involve the ER. Continuity  of tubular 
elements of  the  ER  through  the  plasmodesmata 
in a  primary wall, as claimed by Buvat (11, 13), 
has  not  been  confirmed. 
There is in these  2-dimensional images no evi- 
dence of any definable order or pattern in the ar- 
rangement  of  the  profiles.  The  impression  is, 
rather,  that  they  are  limp  or  flaccid  structures 
that  may  respond  to  currents  within  the  cyto- 
plasmic  ground  substance.  We  do  not  mean  to 
suggest that there is no preferred pattern that the 
system attempts to  maintain, for there probably 
is; it is proposed,  only, that the system is elastic 
with respect to this pattern. 
At these lower magnifications one sees evidence 
of  branching in  places  (arrows),  which  suggests 
that one cisterna may arise from or fuse with the 
face of another. Whether this branching should be 
taken as evidence of a general continuity  within the 
system is in question; it would take an elaborate 
study of serial sections to make it otherwise. 
It was stated above that all cells of the root tip 
show  profiles  of  the  ER  but  that  different  cell 
types within the root tip show  differences  in the 
frequency  and  distribution  of  these  profiles. 
Thus, within the epidermal cells, which are engaged 
in extensive wall  synthesis,  the  system  is  more 
abundantly represented per unit volume of cyto- 
plasm than in cells of the cortex or central cylinder. 
Among other cell types, however, there are smaller 
differences. 
It seems  important to  note that the above de- 
scribed features of the ER are evident in osmium- 
fixed specimens but have proven more difficult to 
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membranes are less easily segregated  from the sur- 
rounding components of  the ground substance or 
are  not  relatively so  dense  as  those  in  KMn04 
preparations. 
B.  Prophase: 
The identification of phases in the mitotic cycle 
is not a  serious  problem with this plant material 
even  though  KMnO4 appears  not  to  be  a  good 
preservative of chromosome fine structure. There 
are characteristic changes in the appearance of the 
chromosomes with  this fixative which  can be re- 
lated  without  difficulty  to  the  more  faithfully 
preserved form provided by osmium fixation. Ob- 
servations  on  these,  however,  are  not  for  this 
report.  Apart  from  chromosomal  structure  and 
disposition, one finds useful guides in the  size of 
the cells, the form of nuclei, and more especially in 
the development of the end walls. 
We have observed that cells of root tips fixed in 
KMn04 solution for a short time (e.g.  10 minutes) 
showed  chromosomes  and  chromatic  material 
lighter than the background, whereas after long- 
time fixation (e.g. 4 hours) the image was reversed 
in  this  respect,  chromatic  material and  chromo- 
somes appearing darker than the background. 
A  nucleus  in  late  prophase,  as  preserved  by 
KMnO4 fLxation, is shown in Fig. 4. The limits of 
the nucleus are slightly irregular, as perhaps one 
might expect  from  the  activity evident within a 
prophase  nucleus (of  another plant cell)  just be- 
fore  breakdown (3).  The nuclear envelope is still 
intact and retains its connections with elements of 
the ER in the surrounding cytoplasm.  Up  to this 
time  the pores persist  (double arrows,  Fig. 4).  In 
this image the chromosomes are represented by the 
dense material. Two features of the nucleus  are to be 
noted. One is that the chromatin and the nuclear 
envelope are no longer closely associated. The other 
is that each chromosome is surrounded by a zone of 
nucleoplasm showing signs of order with respect to 
the chromosome surface.  This is shown to  better 
advantage in Fig. 9. 
The distribution of  cytoplasmic profiles  of  ER 
elements is at  this stage more or  less  even, as  it 
was  during the  earlier interphase.  At  this  time, 
therefore,  there is no evidence of any shift in loca- 
tion of  the cisternae and  other  organelles of  the 
cytoplast. No striking changes are  evident either 
in the form of the elements or the general quantity 
of them. 
A later stage in prophase is depicted in Fig. 5, 
where  the nuclear envelope is just breaking down. 
In the part of the micrograph reproduced, possibly 
three major sectors  of the envelope are shown. In 
the picture of  the whole  nucleus six are evident. 
These retain a  position close to the chromosomes 
that are shown and occupy a  position relative to 
the karyoplasm, which makes it certain that they 
represent portions of what was formerly the contin- 
uous nuclear envelope. At one point a  connection 
with cytoplasmic elements of the ER is apparent 
(arrow,  Fig.  5).  Other  units of  the  cytoplasmic 
portion of the system lie parallel to those derived 
from the nuclear envelope just as they did earlier 
in the interphase. 
In this image of remnants of the nuclear envelope 
there is no evidence of pores, and it appears doubt- 
ful if these persist after the envelope breaks. OsO4- 
fixed  material  is  likewise  inconclusive regarding 
this point. 
Coinciding with  the  rupture  of  the  envelope, 
evidence begins to appear defining the limits of the 
spindle area. In Fig. 5, for example, there is, out- 
side  the  remnants of  the  envelope, a  zone  from 
which mitochondria and proplastids are  excluded 
(presumably the clear zone of Bajer (2)). This zone 
was not apparent at the earlier stage (Fig. 4). Ele- 
ments of the ER, it should be noted, are embedded 
in this zone as, of course,  are also the remnants of 
the  envelope which  appear,  therefore,  to  be  ac- 
cepted at this early stage as integral parts of  the 
spindle. 
The cytoplasm, otherwise,  is not very different 
from that of the interphase cell. Profiles of the ER 
may  be  more  numerous  than  in  the  interphase 
cytoplasm but it is doubtful if this marks the be- 
ginning of proliferation of the system. 
Two  distinctive morphological entities deserve 
special mention here because they are more prom- 
inent than in the earlier phases. The first is a very 
small vesicle 20 to 30 m# in diameter. It is present 
in both  the  karyoplasm  and  the  cytoplasm  and 
seems to increase in frequency of occurrence as the 
cell  goes  into division. Further reference will  be 
made to it below.  The second is a much larger ele- 
ment about 250 m/~ in diameter. It is limited by a 
distinct membrane and, in KMnO4 preparations, 
has  a  structure-free,  homogeneous content. This 
content is more dense than the matrix of proplas 
tids and mitochondria; hence they are not confused 
with sections of the ends of these latter organelles. 
These bodies, as will be noted later, bear some spe- 
cial relation to the phragmoplast and cell-plate for- 
mation and  have,  therefore,  been  referred  to  as 
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tendency in this (Fig. 5) and other figures to asso- 
ciate with the surfaces  of cisternal elements of the 
ER. Their morphology after OsO4 is more complex 
(see Fig. 19). 
The  next in this  sequence of  mitotic stages  is 
shown in Figs. 6 and 7. These are interpreted to- 
gether as representing the period in prometaphase 
when the chromosomes are jockeying for position 
along the equator of the spindle. The cell in Fig. 7 
may be slightly more advanced than that in Fig. 6 
though  actually it would  be  difficult to  produce 
convincing  arguments in support of this. The mar- 
gins of cytoplasm lateral to the spindle at the equa- 
tor are still substantial and still occupied by long 
elements of the ER. In Fig. 6, at least, the continu- 
ity and relation of ER elements next to the chromo- 
somes simulate  more closely, than in Fig. 7, the con- 
tour expected  for a recently ruptured envelope. 
We have assumed that the limits of the spindle 
are  marked by the location of  mitochondria and 
proplastids. It is evident that these organelles are 
"herded" into the ends of the cell, but this does not 
lead  to  a  striking increase in concentration over 
that in interphase because the spindle is not greatly 
larger than the interphase nucleus and the popula- 
tion of these organelles in the cytoplasm lateral to 
the nucleus interphase is not large.  There are not, 
in other words, very many to be displaced.  In this 
connection it is instructive to compare the dividing 
cell in Fig. 7 with surrounding cells. Only remnants 
of the nuclear envelope and other elements of the 
ER lie within the cortical zones of the spindle and 
they, therefore,  retain the position they occupied in 
the  clear  zone when  the  nuclear envelope broke 
down. As far as we have been able to determine, 
there is no morphological distinction between frag- 
ments of the envelope (presumably next to chromo- 
somes)  and elements of the ER just peripheral to 
them. 
In the distribution of  the  ER we find at least 
three points of interest. First, it is evident that the 
concentration of profiles in the polar caps and zones 
of the spindle is greater than can be accounted for 
by any crowding of interphase units into this Dart 
of the cell. It seems, therefore,  that elements of the 
system have started a proliferation. (Compare end 
zone in Fig. 6 with that in Fig. 4, or end zones of 
interphase cells in Fig. 7 with dividing cell.) Second, 
there is a suggestion that profiles of the ER focus 
on centers in the polar zone of the spindle (X and 
X1 in Fig. 6; X in Fig. 7). Reference to the image of 
metaphase  in  Fig.  8  indicates that  this  is  not a 
myth. Third,  it is very clear that elements ~f the 
ER are beginning an invasion of  the ends of  the 
spindle. This is only slightly apparent in Fig. 6, but 
quite pronounced in Fig. 7. 
The  population of  minute vesicles  within  the 
substance of  the  spindle is  substantially greater 
here  than  in earlier phases  and  there  are  larger 
numbers of phragmosomes (ph, Fig. 6). 
C. Metaphase: 
The long slender profiles of the ER continue as 
prominent elements of  the spindle images during 
metaphase and throughout the rest of mitosis. At 
this stage, at which the spindle has shortened and 
broadened (55), they are concentrated into two sep- 
arate masses at the poles  of the spindle. In other 
words,  continuity along the sides of the spindle is 
interrupted. The general increase in concentration 
of profiles continues, especially in the polar caps of 
the spindle (Figs. 8 and 10). Beyond the poles there 
are accumulations of rnitochondria,  etc.,  and be- 
yond these,  near the end walls of the dividing cell, 
there are aggregations of cisternae apparently tak- 
ing no part in the division or in spindle formation 
(Fig. 10). The elements of the ER within the polar 
cap appear to bear some relation to several centers 
and these seem, in turn, to be located over  spaces 
between the chromosomes  rather than at the ends 
of  the  chromosome fibers  (Fig. 8). 1 A number of 
them are marked in Fig. 8 (as Xa to X3). Their posi- 
tion between the tips of the chromosomes  extend- 
ing toward the poles seem to be part of the general 
picture at this time, which describes a zone around 
each chromosome  from  which elements of the ER 
are excluded. It is a zone of more highly condensed 
spindle substance and presumably represents the 
more highly ordered  portions of  the spindle sub- 
stance (chromosomal fibers)  associated with each 
chromosome  (Figs.  9  and  10). Illustrations from 
light  microscopy  (21) (especially  polarized  light 
(22)) give abundant evidence of such chromosomal 
spindles in a varietv of forms. °" 
1  The term chromosomalfibers (chromosomal  spindles) 
refers to the organization of spindle materials around 
each chromosome that can be seen, in some cases, by 
polarized light microscopy (21 and 22). 
2 We  have  been privileged to  see  polarized light 
images of living endosperm cells taken by S. Inoud and 
A. Bajer that clearly depict the divisions of the spindle 
associated with each chromosome. There is also in these 
same images some evidence of  the  interchromosoma] 
intrusions  of  "particulate"  cytoplasm  between  the 
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There is no evidence on which to decide whether 
parts of the original nuclear envelope have an indi- 
viduality that may be retained throughout mitosis. 
It could be that each duster of profiles (e.g. at Xl in 
Fig. 8) is derived from a single part of the envelope, 
but to determine this with certainty would be al- 
most impossible. It is, however, reasonable to con~ 
dude that envelope material is divided between the 
daughter cells and in this process  it comes  to be 
closely  associated  with  the  poles  of  the  spindle. 
Probably other extra-envelope elements of the ER 
are incorporated into these polar organizations as 
well. 
As pointed out above, while mitochondria and 
proplastids are herded into the corners of the cell, 
elements of the ER penetrate the spindle and ex- 
tend  down  from  the  poles  toward  the  equator. 
They, therefore, come to occupy positions between 
the  chromosomes  (Figs. 8  to  11). The advancing 
margins of these interchromosomal elements which 
reach  toward  the  equator  are  continuous  with 
shorter profiles  of the same character, which sug- 
gests that these margins send out branches, or ex- 
pressed  in other words,  they fray out (Figs.  8 and 
10, at arrows). It is equally clear,  from cross-sec- 
tions (Figs. 9 and 13), however, that back from the 
advancing margins and along the sides of the spin- 
dle away from the equator, the lamellar form of the 
units persists. We judge from this image that the 
ER in the spindle at metaphase has  the form of 
drapes or curtains extending in from the poles  of 
the spindle, and into regions between chromosomes. 
No profiles of the ER extend across  the equator 
at this time, even at the cell margins, and a separa- 
tion of the system into two discrete masses  seems, 
therefore,  to be achieved. Only small vesicles and 
possibly  tubules are  apparent  near  the  chromo- 
somes at the level of the spindle equator and these 
are extremely few. The small, 20 m# vesicles men- 
tioned earlier show  a  further increase in number, 
especially around the poles of the spindle and the 
intrusions of ER into the spindle. 
D. Anaphase: 
Since the period of time involved in chromosome 
separation in  early  anaphase  is  relatively short, 
there is less chance for one to obtain images of the 
event and we have, therefore, fewer micrographs of 
this phase. 
In Fig. 11 it is possible (at arrows) to see spindle 
intrusions  of ER elements similar to those shown in 
Fig. 10. Only their leading edges show a greater de- 
velopment; they appear to fan out. It would seem 
that there has been a growth (and possibly migra- 
tion) of ER elements toward the center of the spin- 
dle and into the middle zone,  while the chromo- 
somes  have  moved  through  the  spindle  to  the 
poles.  We  judge  that  the  majority  of  ER 
elements,  now  apparently  randomly  scattered 
throughout the middle zone, arrived there via the 
growth  (and  migration)  of  the  polar  intrusions 
noted earlier. The expression  "migration" is ques- 
tioned because other formed bodies (mitochondria, 
e.g.)  are not observed to have entered the spindle 
by this route. 
The population of elements in the middle zone is 
varied. Since many profiles are long in the limits of 
one section, some of the units must be lamellar in 
form (Fig. 12). Others are much shorter and prob- 
ably  represent  longitudinal  to  oblique  sections 
through smaller cisternae or tubules. The number 
of circular profiles  (20 m#)  is here vastly greater 
and seems to be greatest of all along a central band 
of the middle zone. Mitochondria and dictyosomes 
have entered the midzone only to a minor extent at 
the margins. They have presumably been dislodged 
or swept out of the end zones by the movement of 
the chromosomes  into that region. There must have 
been a change in the character (possibly a solation) 
of  the  spindle material adjacent to  the  chromo- 
somes because the ER elements are now, in places, 
closely  applied  to  the  chromosome  surfaces  (ar- 
rows, Fig. 12). These represent the initial phase in 
formation of the nuclear envelope. 
The extent and form of the ER intrusions into 
the spindle can be better judged from Fig. 13. This 
depicts a transverse section of a spindle, probably 
with chromosomes  at early anaphase. The chromo- 
somes  here  are  less  dense  than  the  surrounding 
spindle  substance,  a  condition characteristic,  as 
noted  earlier,  of  specimens fixed  only briefly in 
KMnO4. It is obvious that the ER profiles shown in 
Figs. 10 or ll, e.g.,  extending down from the poles 
of  the  spindle,  are  parts  of  sheet-like  elements 
which come in as well from the sides of the spindle. 
They resemble drapes which hang as loose sleeves 
around the chromosomes  and the oriented material 
in each  chromosome fiber. 1 There is  still present 
(Fig. 13) a zone of exclusion around each chromo- 
some. 
A cell in anaphase is also  shown in Fig.  14.  In 
this case the material was fixed with OsO4. Here, as 
after KMnO4,  slender profiles  of the  ER may be 
identified within the  body of  the  spindle and in 
focal  arrangements at  the pole.  They have RNP 
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(Fig. 1). The individual profiles are neither so easily 
recognized as after KMnO4, nor so long. The excuse 
for  the latter difference is hard  to  imagine unless 
one assumes that the penetration of these two re- 
agents proceeds at a slightly different rate and that 
the delay with the slower  (OsO4) allows for some 
changes in these labile structures before the fixative 
reaches them. 
E. Telophase: 
The telophase is characterized by a regrouping oi 
the  chromatids and the  formation of  the  nuclear 
envelope. This latter begins in late anaphase (Fig. 
12), when the chromosomes and ER elements seem 
to reacquire a certain affinity, or when the zone of 
exclusion between chromosomes and ER elements 
appears to vanish. Fig.  15 shows a  stage in which 
the chromosomes can still be identified and the nu- 
clear envelope is nearly complete. The continuity is 
dearly interrupted in one place within this section 
plane and probably in several others over the sur- 
face of the whole nucleus. It would seem that the 
new envelope must be formed out of ER elements 
that are peripheral to the chromosome cluster and 
that,  in view of  the picture  in Fig.  13,  some ele- 
ments must be caught within the nucleus. This is 
borne out by the image of profiles within the nu- 
cleus in Fig.  15.  The  selection of  elements going 
into envelope formation would seem to be random 
and it is difficult to believe that they bear any defi- 
nite relation to those derived from the envelope of 
the parent  cell.  Many  of  the  elements, which in 
metaphase and anaphase were part of the spindle, 
are  not  involved  in  envelope  formation.  At  the 
pole of the spindle they are still focused on a  center 
(X, Fig.  15)  and in the  interzone they  appear as 
scattered profiles more or less  randomly oriented 
(Figs. 15 and 16). 
It should perhaps be noted that only a small part 
of the spindle material closely associated with the 
chromosomes is incorporated in the daughter nu- 
cleus,  although  it  must  be  admitted  that  the 
amount would be difficult to establish. We find it 
hard to believe that there is any specificity in the 
reformation of the envelope or, for that matter, in 
the selection of spindle substance for incorporation 
in the new nucleus. It seems largely a  random op- 
eration.  There  is  no  obvious  change  in  the  fine 
structure  of  ER  profiles  involved  in  membrane 
formation and, at this stage, no evidence of pores. 
Phragmoplast and Cell Plate Formation.--In  the 
interzonal region, parts of the ER (derived presum- 
ably from the intrusions described above) vary con- 
siderably  in  their  appearance  (Figs.  12  and  15). 
Near the nuclei they are long and obviously repre- 
sent  sections  through  fairly large  lamellar  units. 
Nearer the zone of plate formation they are shorter 
and  obviously  part  of  a  branching  system  (see 
especially around A  in Fig.  16). There is, in other 
words, clear evidence of a reticulation or fraying of 
the cisternae, especially along the margins leading 
up to the plate. This phenomenon, also evident as a 
tendency in metaphase and anaphase (Figs. 10 and 
12),  results  in the  formation of  a  close lattice of 
tubules along the equator of the interzonal portion 
of the spindle (Fig. 16).  It is difficult to decide, on 
the basis of evidence available, whether major cis- 
ternae from  opposite poles cross  the  midline and 
overlap, but the suggestion is that they do not to 
any great extent. Since continuity from one pole to 
the other has never been seen, we may assume that 
at least a fusion is not achieved. 
The excuse for the reticulation as the elements 
approach the spindle equator is not apparent, but 
we are inclined to assume that it is related to the 
establishment of a  new polarity in what  are now 
two  separate  protoplasmic systems  based  on two 
separate and new nuclei and nuclear envelopes. 
The  close  lattice,  or  tangle,  of  tubules,  which 
now marks the midline, or equator, of the phragmo- 
plast, spreads in its full development from the cen- 
ter of the plate to the outside. It is accompanied by 
the appearance within its meshes of small vesicles. 
In  permanganate-fixed  material  the  content  of 
these may be more dense than the surrounding cy- 
toplasm (Figs. 17 and 18), but after OsO4 they ap- 
pear essentially empty (Fig. 19). Their origin is not 
known, but they  seem  to  represent  small loci of 
lysis within the  cytoplasmic matrix. The  vesicles 
increase in size and finally fuse to complete the cell 
separation except at points where continuity per- 
sists in the form of plasmodesmata  (Figs.  18 and 
I9). The location of the plasmodesmata seems de- 
termined by the persistent presence of a  tubular 
unit of the ER. Whether this is a joint unit shared 
by the two protoplasts or whether it represents an 
end-to-end meeting (with no fusion) of two tubules 
of the ER from opposite protoplasts cannot be de- 
cided definitely from the material currently avail- 
able. The reticular form of the ER persists on op- 
posite  sides  of  the  new wall as  it does  along the 
inner face of the wall all around the cell (Fig. 18). 
The Phragmosomes.--A  new structure comes into 
prominence at  the  time of plate  formation. It  is 
circular to oval in profile and seems to be limited by 
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diameter is about 0.2 #  but the length, when the 
body is elongate, has been observed to be as much 
as 0.5 #. The content of the body is homogeneous 
(structureless)  after  KMnO4,  but after  OsO4 it is 
dense and finely granular or vesicular (see Fig. 19). 
These  bodies were first  observed in large num- 
bers in the region of plate formation as, e.g., in Figs. 
15 and  16. They appeared,  moreover,  to  be asso- 
ciated  with  the  phragmoplast,  representing  the 
early  stages  of  plate  formation,  and  they  disap- 
peared with the completion of the cell separation, 
as though used up in the process of middle lamella 
formation. For these reasons it seemed appropriate 
to  call  them  phragmosomes  (41).  Later  in  this 
study they were noted elsewhere in the cell and at 
other phases in the division cycle. They are recog- 
nizable in small numbers in interphase cells (Fig. 3) 
and  in increasingly greater  numbers in prophase, 
metaphase, and anaphase images. It is common to 
find them in contact (at least) with the surface of 
the cisternae of the ER  (Figs. 6,  10, and 12).  The 
origin and function are currently in doubt (see Dis- 
cussion for speculation). 
The Light Microscope Image: 
When examining sections of several thicknesses 
(2 to 1~ # or less) under the phase contrast micro- 
scope, slender lines were seen which, by comparison 
with electron micrographs of similar sections, were 
recognized as elements of the ER. As a consequence 
of their high contrast, they are within the limit of 
perception (16) even if their thickness is below the 
resolving power of the light microscope. 
DISCUSSION 
General: 
The  micrographs  described  above  provide  evi- 
dence that structural elements having the charac- 
teristics of the endoplasmic reticulum occur in this 
material within  the  body  of  the  mitotic  spindle. 
The possibility that the pictured elements are com- 
plete artifacts in the sense of representing nothing 
similar occurring in the native state, seems remote. 
It is very unlikely that as artifacts their structure 
would be duplicated  to  such a  large  degree  after 
both fixations and in all cells examined. Obviously, 
the best evidence in support of their reality would 
be to identify them in living cells and this we shall 
try to do when suitable material and equipment are 
assembled.  For the  time being, however,  the evi- 
dence for their existence seems sufficiently good to 
warrant a  discussion of  their occurrence, disposi- 
tion, form, and possible function. 
This is, of course, not the first time that compo- 
nents  other  than  fibers  and  chromosomes  have 
been reported in the mitotic spindle. The compari- 
son of light and electron microscope images in Figs. 
10, 10 a, and 10 b, above, was made with the inten- 
tion of showing that relatively small structures of 
this type represented by the ER cisternae are per- 
ceptible with the light microscope. It follows from 
this as entirely probable that on more than a  few 
occasions slender shadows within the spindle have 
been identified as spindle fibers or other inclusions, 
e.g. mitochondria (25), when in reality they repre- 
sented elements of the ER. Even in living cells it is 
possible, as EIlenhorn (15) reports, to find evidence 
of channels in the  spindle substance along which 
particles migrate from  the poles of the spindle to 
the  equator.  Presumably, also,  the  unidirectional 
Brownian  movement  noted  by  B~la~  (6)  in  the 
living spindle could be related to these ER intru- 
sions. 
Related here also are observations ou the existence 
of RNA in the spindle (50, 23, 10, 44), in some instances 
described  as residing between chromosomes  (53). Since 
these ER cisternae do have RNP particles associated 
with them (according  to the OsO4 image)  it would not 
be surprising to have such spindle intrusions as those 
in Figs.  10 and 13 show after Giemsa, or to disappear 
upon application of ribonuclease (23). The observations 
of Swift (53) are especially pertinent here because they 
were made on cells of the onion root tip. Not only does 
he  observe interchromosomal concentrations of RNA 
in mid- and late anaphase, but notes also that certain 
RNA-rich "spindle remnants" are included inside the 
telophase  nucleus,  there  to  disappear  later  in  early 
interphase.  These  one  would  logically relate  to  the 
intranuclear ER fragments noted in Fig.  15. 
The  general  RNA  content of  the  spindle and  es- 
pecially along the equator of the spindle would not, how- 
ever,  seem  to  depend  on  the  ER  and its  associated 
particles.  There  are  obviously  great  quantities  of 
particles of the RNP type in the spindle matrix which 
bear no clear relation to  the ER  (see Fig.  19). Their 
origin is uncertain, but they might derive in part, like 
other spindle components, from the nucleoplasm, and 
perhaps  more  especially  the  nucleolus of  the  parent 
interphase nucleus (38). There is nothing to indicate, as 
Boss has suggested  (10), that they come from anaphase 
chromosomes. 
It  must  be  noted  that  observations on animal 
cells in division, equivalent to those reported here, 
have  thus  far  failed  to  establish  the  existence of 
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ited structures as that found here. 3 An abundance 
of small particles of the RNP type were reported in 
the spindle and besides these a  number of paired 
tubular structures  (39).  These double units were 
especially common during anaphase in the zone be- 
tween  centrosphere  and  chromosomes  but  they 
were  observed  as  well  in  the  zone  between  the 
chromosome masses. They were referred to as spin- 
dle filaments. These  same units have  since been 
noted in other animal cells but their origins and 
their  relationship to  the  ER,  if  any, remain ob- 
scure.  It is entirely possible that they are the ani- 
mal cell equivalent of the ER elements noted here 
in the plant cell, but it must be admitted that the 
aspect of doubleness has not been seen with cer- 
tainty  in  Allium  cells  fixed  in  either  OsO4 or 
KMnO,. It is not profitable to attempt to resolve 
the differences until we have more information on 
the animal cell in mitosis. 
It is at least reasonable on the basis of the above 
description to regard the images here described as 
representative of a closely similar component of the 
living  spindle  and,  therefore,  to  consider  the 
changes  they  show  in the  period  from  prophase 
through to telophase. First, it is to be noted that 
departures from the interphase disposition and gen- 
eral morphology of the ER are not evident until the 
nuclear  envelope  breaks  down.  Apparently  this 
event triggers the subsequent changes. At this time 
the mitochondria and plastids are excluded from a 
zone around the nucleus--corresponding, it would 
seem, to the clear zone described by Bajer in living 
endosperm cells  of  Haemanthus  (2).  If  this clear 
zone is to be regarded as part of the spindle, then 
it is apparent from this moment that the nuclear 
envelope and similar elements of the ER are em- 
bedded in the spindle substance. In any event they 
persist in this relationship, at first residing in the 
outer margins of the spindle and conforming to its 
general shape.  Later, in prometaphase and meta- 
phase, a concentration of ER elements appears in 
the polar cap of the spindle. Here, in this anastral 
type of spindle, they show some tendency to focus 
on a number of centers which one may judge to be 
between (or possibly at) the apices of the chromo- 
some  fibers.  What was  formerly a  single system, 
representing the ER of the parent cell, is now di- 
3 However, any judgment on basic differences  should 
wait until KMnO4 fixation has been more extensively 
used. The preliminary report of Barer et al. (4) suggests 
that when this is done some interesting information will 
be available. 
vided into two and, simultaneously, the elements 
of  the  daughter  systems  begin  to  proliferate. 
Thus we account for  the greater concentration of 
ER elements around the poles of the spindle. As the 
chromosomes  move  away  from  the  plate  during 
anaphase  the  ER  elements  retain  their  position 
relative to the spindle and continue to proliferate 
until, as seen in cross-section  of the spindle, they 
seem  essentially  to  surround  and  partition  the 
chromosomes  from one another. Subsequent to this 
the advancing margins of the two systems meet at 
the equator of the spindle and intermingle. Out of 
this  intermingling the  cell  plate  develops.  Thus 
during  mitosis  in  these  cells  a  n6w  system  of  ER 
elements  is  formed  in  orderly  relation  to  chromo- 
somes and  spindle  and  out of this new system there 
seems  to  be fashioned  a  nuclear  membrane,  a 
phragmoplast,  and a new cell surface. 
One gets the impression that the ER in its pro- 
liferation is obliged to accommodate itself to  the 
relatively solated regions between the chromosomal 
fibers and to migrate into these as regions of lower 
resistance. The excuse  for  this  impression comes 
from the previous presence of a zone of organized 
nucleoplasm and  spindle  substance around  each 
chromosome.  This is first seen in late prophase just: 
before the nuclear envelope disrupts, and continues 
to be evident until late anaphase. It might be re.. 
garded as a zone of exclusion as far as the nuclear 
envelope and elements of  the ER are  concerned. 
Only in late anaphase does it seem to disappear, to 
permit again an approach to the chromosomes  of 
elements of the ER involved in envelope formation. 
The suggestion contained in these comments, that 
each chromosome,  even as early as late prophase, 
has a unit of nucleoplasm organized around it, re- 
minds one of the observations of Hughes-Schrader 
(21)  in meiotic  divisions in Acroschismus,  where 
chromosomal fibers also appear as minute spindles 
around each chromosome while the nuclear mem- 
brane is still intact. After the membrane ruptures 
in Allium  these chromosomal fibers  would appear 
to associate in parallel to form a spindle, as they do 
in the  Coccidae.  Since  elements of  the ER pene- 
trate between these fibers  (or zones of exclusion), 
we conclude that the individuality of the fibers is 
not lost in the association. 
It is hardly within the scope of this paper to in- 
clude comment on the origin of spindle substance, 
but it is impossible to  overlook the  question en- 
tirely (47). Obviously, in these plant cells the spin- 
dle body derives in large part from non-chromo- 
somal material of the nucleus. (But see Mazia (28) KEITH R.  PORTER AND  RAUL D.  MACHADO  177 
for opposing view.) The clear zone just outside the 
nuclear envelope, which appears  as  the  envelope 
ruptures, is cytoplasmic, but it seems to be the only 
part. Even it remains outside the chromosomal fi- 
bers and would appear to be continuous with what 
we assume to be the more highly solated material 
within which the ER elements move in penetrating 
the spindle. At telophase it is obvious that a large 
part  of  the  spindle substance is  left  outside  the 
daughter nuclei and some elements formerly cyto- 
plasmic (ER and matrix materials) are included. 
There is, in other words, scant evidence of any dis- 
crimination about what, apart from chromosomes, 
will  be included in or excluded  from  the nucleus 
when  the  nuclear  envelope  reforms.  With  the 
newer knowledge of the envelope, its pores, and the 
obvious continuity between nucleoplasm and cyto- 
plasm via the pores (59), one is led to wonder if the 
distinction between  nucleus and  cytoplasm  may 
not be overemphasized. 
Many questions posed by these observations will 
probably wait  some  time for  an answer.  One of 
these is  whether or not during mitosis there is a 
precise segregation of  elements derived  from  the 
nuclear envelope. Obviously, when the nuclear en- 
velope breaks down, some fragments go to one pole 
of the spindle and some to the other, and one would 
judge that approximately half go  each way.  It is 
difficult to  believe from what we now know that 
there are separate and well defined sections in the 
envelope, each perhaps associated with a separate 
chromosome.  It  is  even more  difficult  to  believe 
that these are segregated precisely at mitosis, and 
that  they  reestablish  the  same  chromosomal  as- 
sociation in telophase.  But  these are possibilities 
which one has to consider whenever one finds cell 
components as closely associated with the chromo- 
somes  and  mitosis as  these  structures  obviously 
are. The current impression from the few literature 
references available and these preliminary  observa- 
tions is that there is considerable randomness in the 
origin and behavior of the elements derived from 
the  nuclear envelope and in their segregation. It 
could be, however, that the ER elements which in- 
vade the spindle during metaphase and anaphase 
proliferate  solely  from  fragments  of  the  nuclear 
envelope. 
The role,  if any, that  the  ER performs in the 
various phases of  cell division is a  topic of  some 
interest. Of the several major phenomena in mito- 
sis in plant cells, two  are sharply defined.  One of 
these is represented by the well known migrations 
of the chromosomes  and the other is the formation 
of the cell plate. With respect to the former, about 
all one can say, as far as the ER is concerned, is 
that  henceforth  in  considerations of  the  mech- 
anisms involved in chromosome movements these 
newly defined components of  the spindle will  re- 
quire attention. On the one hand, it is conceivable 
that, as observed in the spindle, they are simply on 
their way to perform a role in cell plate formation. 
They might be said to be passive relative to chro- 
mosome movements in much the same sense that 
mitochondria and proplastids are apparently unin- 
volved. On the other hand, their inclusion in the 
structural organization surrounding the polar cap 
and  their  obvious  proliferation  early  in  mitosis 
would suggest that they are more closely involved 
in the events of mitosis than are these other organ- 
elles. Our ideas in this regard are too vague at the 
moment to deserve  recording. 
In a discussion of plate formation there is more 
excuse  to suggest that these ER elements are in- 
volved because the morphological relationships are 
much closer  and plate development seems  conse- 
quential to the establishment of a particular mor- 
phology in the ER. The advancing margins of the 
curtain-like structures  which  invade  the  spindle 
seem intent on reaching the spindle equator. While 
in the spindle they seem to follow paths inherent in 
the structure of the spindle, but as they make their 
approach to the equator they fray out and produce 
eventually a  close  reticulation at  this level.  It is 
within this tridimensional lattice, which develops 
as a band across  the cell, that the plate originates. 
As noted above, the plate appears first as a series 
of unconnected vesicles  (see Becket (5)  for earlier 
interpretation) with presumably a high content of 
pectin substances (9,  17), which  later  constitute 
the  middle lamella. The  further growth  of  these 
vesicles to complete the separation of the new ceils 
has been discussed previously (41). 
The exact origin of these vesicles and the factors 
influencing their development have yet to be de- 
fined; they look most like small foci of lysis in the 
spindle matrix. For the moment, one can simply 
point to the obvious association of the phenomenon 
with the special  close-lattice differentiation of the 
ER and the uniform presence of the so called phrag- 
inosomes. These latter bodies were recognized  ear- 
lier in OsO4-fixed cells as a constant element of the 
phragmoplast, and limited in their presence to the 
particular phase  of  plate  development occurring 
within the phragmoplast (41). They have now been 
recognized, as well, in this permanganate-preserved 
material and furthermore have been identified in 178  STUDIES ON  ENDOPLASMIC  RETICULUM. IV 
other parts of the cell during other phases of growth 
and  division. They are  especially obvious during 
the late phases of division because they assemble in 
large numbers along the sides of the plate and then 
disappear as though used up in the process of plate 
formation. They are structurally very closely asso- 
ciated with elements of the ER, both at the plate 
and  elsewhere  in the  cell,  and  this  suggests  that 
they arise from the ER possibly as "blisters" on the 
surfaces of the cisternae. It would seem reasonable 
to propose  that they represent small reservoirs of 
products of synthesis which are discharged into the 
plate region. 
It has been noted now by a few observers of plate 
formation  that  slender  connections between  the 
daughter protoplasts persist and become the plas- 
modesmata of the more fully developed wall (13). 
Timse connections seem to owe their existence ini- 
tially to the presence in them of small tubular ele- 
ments of the ER which may be unique in some re- 
spect, representing, possibly, continuities between 
the otherwise separate ER systems of the daughter 
cells. Be  that  as it may,  the continuity is appar- 
ently short lived for, according to our observations, 
the fully differentiated, slender plasmodesma does 
not show a patent tubular element of the ER. It is 
replaced  by  something  resembling  a  small  plug 
(18). 
The  developmental  relation of  the  plasmodes- 
mata to the ER is interesting, for it suggests that 
patterns in the distribution of plasmodesmata (in 
pit fields, e.g.)  depend, in turn, on the presence of 
patterns  in  the  ER  lattice  which  develops  first 
across  the  spindle equator.  The  consideration of 
this topic is perhaps somewhat beyond the proper 
scope of this paper but it should, nevertheless, be 
noted that patterns are characteristic of the ER in 
animal and plant cells. They vary from cell to cell, 
but are sufficiently typical of cell types to permit 
recognition of type on tile basis of the ER appear- 
ance alone. Since the system is labile (37), the form 
it shows in any cell type must be regarded as the 
preferred pattern under intracellular conditions we 
define as normal. It is implicit in this  discussion 
that the major factors controlling the form of the 
ER are  immediately resident in the system itself 
and more remotely, of course, in the genetic infor- 
mation in the chromosomes. That the ER, regarded 
as a unit system or organelle of the cell, should be 
thus endowed is not unique among cell systems en- 
countered in fine structure. The patterns of struc- 
ture and organization shown by mitochondrial and 
plastid membranes are no less remarkable and have 
similar features. These patterns vary enormously, 
for instance, in different cells and organisms, and 
they  appear  first  in embryonic cells  in a  simple 
form,  to unfold later into the  complexities of the 
mature organelle. 
The importance of the relatively gross patterns 
of  organization  shown  by  the  ER  can  only  be 
conjectured at the moment, but it would not be sur- 
prising if the disposition and character o[ the vari- 
ous parts and elements of the system were to have 
during differentiation a substantial influence on the 
distribution and form of the more commonly recog- 
nized products of this process. 
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n--nucleus 
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ch--chromosome 
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FIG.  1.  Electron micrograph showing small  parts of two adjacent cells from onion root tip, after fixation with 
OsO4. The separation between the cells (broken line), here a  relatively new cell  wall,  runs from the top to the 
bottom of the picture  (w).  A  corner of the nucleus of one cell is shown at n  and the nuclear envelope at he. A 
mitochondrion is evident at m, and a proplastid at p.  The slender profiles (er) represent vertical sections through 
lamellar (cisternal) elements of the endoplasmic reticulum. Their outer surfaces are studded by small dense particles 
similar to the RNP particles of animal cells, and the details of this association are depicted to better advantage in 
the small overlay figure (Fig. 1 a). The matrix of the cytoplasm shows many free, unattached RNP particles, as is 
generally the case in rapidly growing cells.  A number of other membrane-limited bodies, vesicles,  or  sections of 
tubules, are faintly evident, especially within the cytoplasm bordering the new cell wall.  The stack of  lamellar 
units at d represents a dictyosome, the plant equivalent of the Golgi component. The slightly expanded  edge  of a 
cisternal unit is indicated at x. >( 30,000. 
FIG. 1 a. This represents a very small area of cytoplasm from a root-tip cell and is designed to show major com- 
ponents of cytoplasmic ground substance. The section was stained with lead hydroxide to make the RNP particles 
more dense. These latter show a slight tendency to associate with surfaces of ER elements. X  80,000. 
FIG. 2. This represents an area of two cells essentially equivalent to that shown in Fig. 1. Here the root tip was 
fixed with KMnO4. The wall (w) separating the two cells is more advanced in its development than in Fig. 1. It is 
penetrated by several plasmodesmata (pd). A mitochondrion is indicated at m and dictyosomes at d. A portion of 
the nuclear envelope (ne) showing several discontinuities (representing pores) cuts across the lower left corner of 
the micrograph. Its structure (less pores) is repeated by the several profiles of cisternal elements of the endoplasmic 
reticulum (er) included in the picture. These profiles depict a structure limited by two parallel lines (membranes) 
separated by a space, the cavity of the thin vesicle. At the margins of these elements the parallel membranes are 
continuous, as at x.  The profiles are distinct  where the cisternae are normal to the plane of  the  section but less 
distinct where this orientation is lost (at arrow).  RNP particles appear not to be preserved by KMnO4 fixation, 
as noted by Luft  (27). A few circular profiles along the inner surfaces of the plasma membranes (pro) represent 
cross- or oblique sections through tubular elements of the ER located in the cell cortex.  >( 30,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
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FIG.  3.  This electron micrograph shows the ends of two cells from the cortex of the onion root  tip fixed with 
KMnO4. The wall separating the two cells from each other and from adjacent ceils are indicated at w. Fine  plas- 
modesmata penetrate the end wall. Nuclei and other components are marked as before. Apart from these organelles, 
the prominent components of the cytoplasm are the  slender profiles of the cisternal elements of the ER.  These 
tend to orient parallel to the surfaces of the nucleus and cell walls in the near vicinity of these surfaces. Otherwise, 
orientation is apparently random. Evidence of continuity or branching is indicated by arrows. The nuclear envelope 
(he) is noted to have the same appearance as the ER profiles. The darker areas within the nuclei represent ehroma- 
tin. 
Another component of the cytoplasm not noted previously possesses a  thin limiting memhrane but no internal 
structure after permanganate. These will be called phragmosomes (ph) because they are thought to correspond to 
bodies associated with the phragmoplast during cell-plate formation (see Figs. 16, 17,  19).  X  14,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  82 
VOL. 7 
(Porter and Machado: Studies on endoplasmic reticulum. IV) PLATE 83 
FIG. 4. Micrograph of part of prophase nucleus and cell. The chromosomes are represented by the dense areas 
within the nucleus.  Except at a few points, they are separated from the nuclear envelope by an expanse of nucleo- 
plasm. The nucleolus is not represented and is presumed to have disintegrated. There is around each chromosome 
a zone of nucleoplasm in which the micelles of fixed material are oriented parallel to the surface of the chromosome. 
The nuclear envelope is still intact and shows a few connections  with the cytoplasmic division of the ER (arrows) 
and pores (double arrows). In general, the fine structure of the cytoplasm is not different from that of the inter- 
phase cell. The dense, unidentified bodies with the irregular shape (dv) are characteristic of cells in the outer cortex 
of the root tip.  X  14,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  83 
VOL. 7 
(Porter and Machado: Studies on endoplasmic reticulum. IV) PLATE  84 
FIG. 5. This micrograph depicts part of a prophase nucleus ill a cell of the outer cortex just at the time of envelop  e 
rupture. Three sectors of the envelope (ne) are recognized as such, and one of these retains (at arrow)  a connection 
with a cytoplasmic element of the ER. A zone, from which mitochondria and proplastids are excluded, encircles 
the nucleus outside the remnants of the envelope. Small circles are drawn around tiny unnamed vesicles present in 
both karyoplasm  and  cytoplasm. Larger  vesicles  with a  limiting membrane and  homogeneous content, called 
phragmosomes (ph), begin at this phase to appear with increasing frequency (see text). X  19,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  84 
VOL. 7 
(Porter and Machado: Studies on endoplasmic reticulum. IV) P£ATE  85 
FIG. 6. Micrograph of cell in prometaphase. Chromosomes are readily identified as large, dense bodies, apparently 
caught in process of jockeying for position on plate. Remnants of nuclear envelope and elements of ER are present 
in the cortical zone of the spindle and intrude into spindle material at both ends. At X  and X1, there is some sug- 
gestion of a focal concentration of ER elements. Mitochondria (m), proplastids (p), and other formed bodies of the 
cytoplasm are largely"herded" into the ends of the cell by the expanding spindle. The large, dense masses of irregu- 
lar shape (dr), especially evident in the upper end of the cell, are common in cells of the root-tip cortex. 
A  few small vesicular elements are encircled; they are evident all over the spindle and seem to be present in 
larger numbers than in earlier phases. Phragmosomes, also present in  greater number,  are closely linked to ER 
profiles and are largely confined to polar cytoplasm. X  14,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  85 
VOL. 7 
(Porter and Machado: Studies on endoplasmic reticulum. IV) PLATE 86 
FIG. 7. Group of cells of onion root tip. The cell in the middle of the picture is in prometaphase of division.  The 
spindle limits are thought to extend out to the surrounding mitochondria and proplastids. The chromosomes are 
the dense objects within the spindle.  Profiles of the ER reside in the outer margins of the spindle and invade the 
polar zones. The concentration of the ER elements in the polar caps is substantially greater than would be expected 
to result from any crowding of interphase ER into this part of the cell. This indicates that proliferation of ER 
elements has begun. A single focal point in ER organization is marked at X. Dense vacuoles indicated at dv and 
a large multivesicular unit (at arrow)  are of unknown nature.  >(  6,500. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  86 
VOL. 7 
(Porter and Machado: Studies on endoplasmic reticulum. IV) PLATE 87 
FIC. 8. Longitudinal section through a cortical cell in metaphase of mitosis. The chromosomes are readily identi- 
fied, as are also the cell limits, mitochondria, etc. Slender profiles of the ER are concentrated around the poles of 
the spindle and extend into the substance of the spindle from the poles (at  arrows>. The leading edges of these 
intrusions show evidence of reticulation or fraying (arrows). The ER does not seem to be continuous across the 
equatorial margins of the spindle, which suggests that by this stage the elements of the ER have been segregated 
into two separate masses at opposite ends of the cell. The points marked X1, X2, and X3 represent focal points in the 
organization of cisternal elements. These are more sharply defined at X1 and X2, presumably because the plane of 
section passes closer to the center. 
Profiles of small (20 to 30 m~)  vesicular units occur in greater numbers than heretofore, especially around the 
poles of the spindle. Numerous phragmosomes can be identified. They seem to accompany the ER elements be 
tween the chromosomes and down to the spindle equator.  X  8,500. 
FIC.  9.  Micrograph of transverse section through metaphase spindle at  level of chromosomes. The picture is 
designed to illustrate form of ER elements around margins of spindle slightly above or below the equator and of 
those which intrude from poles of spindle into interchromosomal regions. It  is obvious that  many of them are 
lamellar or ribbon-like. This is a  somewhat oblique section through a  radially oriented spindle in a  cell from the 
outer cortex. 
An interesting aspect of spindle construction appears again here. It is the whorl-like arrangement of the spindle 
material around each chromosome. Regardless of how faithful or unfaithful the fixation may be, it seems to record 
a  gradient of organization  possibly marking the limits of the spindle material specifically associated (as a  minia- 
ture spindle or chromosomal fiber) with each chromosome. It is to be noted that elements of the ER tend not to 
intrude into this halo of oriented micelles. See also Fig. 4.  X  16,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  87 
VOL.  7 
(Porter and Machado: Studies on endoolasmic reticulum. IV) PLATE 88 
FIG.  10. Another metaphase, possibly more advanced than that shown in Fig. 9. It is valuable  for  showing the 
sharp separation of ER profiles between the two poles of the spindle--and further for showing the essential non- 
involvement, in the division, of the ER in the extreme ends of the cell (see top of figure). It also depicts the deep 
ER intrusion into the poles of the spindle and the extensive fragmentation or reticulation of the extremities of 
these intrusions (at arrows). Again here there seems to be a  narrow region distal and lateral to each chromosome 
into which the ER elements do not intrude.  In  this same connection it can be noted that  the spindle material 
around the ER intrusions is slightly less dense  as though perhaps  more solated--than  the material  close to the 
chromosomes. 20 m# vesicles are now present in all parts of the spindle substance (circles), including that near the 
chromosomes. Phragmosomes (ph) are seen to accompany ER intrusions. The line across the figure is the junction 
between two separate negatives. X  10,000. 
FIGS. 10 a and 10 b. Phase contrast photomicrographs of 1/~/z longitudinal sections of KMnO4-fixed onion root- 
tip cells, where elements of the ER (er)  and dictysomes (d) can be recognized. Round or oval-shaped bodies with 
a light inner area are either mitochondria or proplastids (m). Fig. 10 b depicts a cell in a stage of division similar to 
that in Fig. 10. ER elements are pointed out at places (er) where they intrude into the spindle, or where they radiate 
from a focus in the polar cap. X  2,600. THE  JOURNAL  OF 
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Fro.  II.  Lower-power image of a  longitudinal section through a  cortical cell in late anaphase of mitosis. Intru- 
sions of ER elements, indicated by arrows, are similar to those in Fig.  10, except that here they are spreading out 
at  leading edge.  The midzone of the spindle is occupied by scattered profiles of elements probably  derived  from 
intrusions. At the time of fixation the cell plate was organizing roughly along a line between the two cp's.  X  5,500. 
PLATE  90 
Fro. 12. Blowup of part of Fig. 11. It provides a more detailed picture of ER elements, etc. That they are lamellar 
structures is easily seen, for,  as they bend  and twist,  the sharp 2-line profile  becomes diffuse and gray.  Circular 
profiles  represent 20 m/~  vesicles described earlier.  They are concentrated  along a  central  band or zone.  Dictyo- 
somes (d)  and mitochondria (m)  are migrating into midzone from margins of the spindle. Phragmosomes (ph) are 
now concentrated near the cell equator. However, some of them lag behind. 
At points indicated by arrows ER elements are associated with chromosomal surface. This marks the disappear- 
ance of the zone of exclusion evident in Figs. 8  to  10.  X  13,000. THE  JOURNAL  OF 
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Fro.  13.  Cross section through a  cell  (cortical)  in early anaphase of division.  The chromosomes (&)  are  the 
bodies of lower density. Elements of the ER continuous with those at spindle margin intrude  deeply into  body of 
spindle between chromosomes. There appears to be still a zone of spindle material around each chromosome from 
which ER elements are in general excluded. X  13,000. THE  JOURNAL  OF 
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FIO.  14. Micrograph of longitudinal section including pole of mitotic spindle in anaphase. The malerial  ~sas fi.red 
in Os04.  The figure is selected to illustrate that structures observed after permanganate fixation can be identified 
as well after osmium tetroxide. 
Chromosomes are the large, dense bodies at the lower left; cell margins at upper left and lower right. Elements 
of the ER are shown as narrow, double-membraned profiles with small numbers of <lense particles on their surfaces. 
There is obviously a  large population of such units at the center of the picture which we interpret as representing 
the pole of the spindle. X  and X1 seem to be small focal points similar to those identified in Fig. 8.  The density of 
the cytoplasm renders the profiles of the ER elements relatively less apparent than in the permanganate prepa 
rations. 
Other components of the cell are marked as before. Uninflated vacuoles (r)  show up better here than elsewhere. 
A phragmosome is at pit.  X  21,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  92 
VOL. 7 
(Porter and Machado: Studies on endoplasmic reticulum. IV) PLATE 93 
Fro. 15. Longitudinal section of cell in early telophase. Elements of the ER, formerly repelled from chromosome 
surfaces, are here apparently attracted to form nuclear envelope. The envelope is here  almost  complete  (single 
clear interruption in  continuity at arrow). It is worth noting that a  few fragments of the ER and some  20 m/z 
vesicular elements have been "caught" with the chromosomes inside the new envelope. An organization of ER 
elements at  X  resembles those depicted earlier  as  part  of polar  apparatus;  chromosomes, etc.,  seem focused 
on it as center. Numerous phragmosomes (ph)  are now close to the forming cell plate. Some of them, however, re- 
mained in the apical region of the cell. 
The new cell plate is depicted in an early stage of formation across the lower margin of the figure (A).  Details of 
plate morphology at this stage are shown in Fig. 16.  X  15,000. THE  JOURNAL OF 
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FIO.  16. An early stage in plate formation. A small portion of telophase nuclei is included in the figure at upper 
right and lower left (tn).  The plate runs diagonally from lower right to upper left. The cytoplasm on either side of 
the plate contains long and typical profiles of ER elements with evidence of branching at A. In regions closer to 
the plate these get shorter and change orientation more frequently. This depicts a  reticulation which results in  a 
close lattice of tubules as the midline between the two new protoplasts is formed. Small  (20 m#)  vesicles in the 
spindle seem also to concentrate along this line. Further events here apparently bring about a  lysis of the ground 
substance and a  separation of the new protoplasts. 
Phragmosomes are concentrated on each side of the plate  region  (arrows),  (they appear  in a  similar location 
in osmium-fixed material  (Fig.  19))  and so would seem to play some role in wall formation. They are a  col~stant 
component of the phragmoplast. 
The development of the plate is clearly more advanced at the center (the early phragmoplast)  and grades out 
toward the margins where fewer elements are present. X  27,000. THE  JOURNAL OF 
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FIG. 17. A  more  advanced  stage in cell-plate formation.  The  center of the plate is at the right; the margin,  which 
has not reached  the  wall  (w) of the parent  cell, is at the left. The  confused  mass  at the center and left-hand  end 
of the plate represents  the phragmoplast.  This includes  a large number  of phragmosomes  (plt) and, nearer  the cell 
margin,  a confused  mass  of tubules  and  vesicles.  The  vesicles of low density  appearing  here represent  the earliest 
form  of pectin-rich  vesicles which  later fuse  to form  the cell plate and  complete  the separation  of the daughter 
protoplasts.  Toward  the ]eft or the center  of plate  fusion  has  taken  place,  except  at points  (such as at arrow) 
of continuity  which  persist as the plasmodesmata.  The  telophase  nucleus  is indicated  by tn and  a mitochondrion 
by m.  X  19,000. 
FIG.  18.  Later stage, still, in plate formation.  Here only short sections of continuity between adjacent  proto- 
plasts are still present (arrows). These become the plasmodesmata.  The midline vesicles (pectin-rich) have fused 
to the extent that cytokinesis is almost complete. The end of the telophase nucleus is at IIi. X  19,000. THE  JOURNAL OF 
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FIG.  19. This shows an image of osmium fixed plate in late stage of cytokinesis. The plate runs from upper left 
to margin of cell at lower right.  The phragmosomes mentioned earlier are indicated at ph. Elements of the ER are 
not so readily identified as in KMnO4 preparations,  but it is possible to find at least short sections. At  the top 
of figure, in the more advanced parts of the plate,  the midline vesicles are large and fused in places. Toward the 
cell margin they are smaller. A cloud of small vesicles surrounds the very edge of the plate where it intersects the 
cell  margin.  RNP  particles  abound  in  the  cytoplasmic ground  substance.  Mitochondria  (m)  and  dictyosomes 
(d) are readily identified. One of these (all) is sectioned in the plane of the lamellar vesicles and the small fenestra- 
tions in the outer edges of the lamellae are descriptive of the reticulation which characterizes the margins of these 
bodies. X  38,000. THE JOURNAL OF 
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